
LLNL-TR-656107

Using Computed Tomography to
Non-Destructively Characterize Glassy
Fallout in 3-D

R. Tapia, J. Sain, K. Knight, B. Isselhardt

June 24, 2014



Disclaimer 
 

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 

 
 

 

This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 
National Laboratory under Contract DE-AC52-07NA27344. 
 



 1 


����������������������� �������������������� �����������!��	���� ����������������
�1&4+)1��#2+#	���1*0��#+0
���+/��0+)*6�
���4'66��55'.*#4&6�
�

����%�"#�$'� ���� "��������	����������
����&"�������%�"� "����$� ������� "�$ "'������������

���������

�
������������������������������������������������������������������������������������������

�
�

� �#..176� ).#55'5� #4'� 10'� 6;2'� 1(� &'$4+5�
(14/'&� (41/� 6*'� +06'4#%6+10�1(�51+.�#0&�5744170&+0)�
/#6'4+#.5� 9+6*� #� 07%.'#4� ':2.15+10�� �74+0)� 6*+5�
+06'4#%6+10� #06*4121)'0+%� #%6+0+&'5� #0&� 16*'4�
%1/210'065�1(� 6*'�&'8+%'�#4'� +0%14214#6'&� +061�6*'�
).#55;� (#..176� /#64+:�� �*'� 4#2+&� 37'0%*+0)� 1(� 6*'�
/'.6� ).#55'5� 64#25� 6*'5'� /#6'4+#.5� #0&� (14/5�
8'5+%.'5�6*'�(#..176�&')#5'5�+65�81.#6+.+<'&�/#6'4+#.5��
�*'5'�+0%.75+105�#0&�8'5+%.'5�2418+&'�#�50#25*16�1(�
6*'� %10&+6+105� 1(� 6*'� (+4'$#..� #0&� 51+.� +06'4#%6+105��
�*'�8'5+%.'5�#4'�#�%1//10�('#674'� +0�(#..176��$76� +6�
*#5� ;'6� 61� $'� (7..;� 70&'45611&�� �#..176� *#5�
%108'06+10#..;� $''0� 567&+'&� $;� 6*'� &'6'%6+10� 1(�
(+55+10� 241&7%65�� #%6+8#6+10� 241&7%65�� #0&� 4'/0#06�
(7'.� 6*417)*� )#//#� 52'%641/'64;� #0&� /#55�
52'%641/'64;� �	�
����� �'%'06� 567&+'5� #.51� ':2.14'�
*19� 6*+5� 4'5+&7#.� #%6+8+6;� +5� +0%14214#6'&� +061� 6*'5'�
).#55;� /#6'4+#.5�� �*'� &+564+$76+10� 1(� 5647%674#.�
/#6'4+#.5� #0&� 4'/0#06� (7'.� +0� 6*'5'� ).#55'5� %#0�
2418+&'� +05+)*65� +061� (#..176� (14/#6+10� /'%*#0+5/5�
�	���
��� �*'5'� +0%.75+105�� +(� 016� (7..;� &+((75'&�� *#8'�
/#4-'&.;�&+(('4'06�&'05+6+'5� 6*#0� 6*#6�1(� 6*'�5+.+%#6'�
).#55� (170&� +0� (#..176�� �*#4#%6'4+<#6+10� 1(� 6*'5'�
('#674'5�+5�2155+$.'�9+6*�&'05+6;�%1064#56�6'%*0+37'5�
57%*� #5� %1/276'&� 61/1)4#2*;� ������ �+-'9+5'�� 6*'�
24'5'48#6+10� 1(� 81+&� 52#%'5� +0� 6*'5'�/#6'4+#.5� %#0�
$'� 37#06+(+'&� #%4155� 2127.#6+105� 1(� 5#/2.'5� 75+0)�
6*'� 52#6+#.� 4'51.76+10� 1(� 61/1)4#2*;�� �*'5'�
6'%*0+37'5�*#8'�6*'�#&&+6+10#.�$'0'(+6�1(�$'+0)�010�
&'5647%6+8'��#..19+0)� (14� 57$5'37'06�#0#.;5'5�57%*�
#5�6*'�%108'06+10#.�/'6*1&5�.+56'&�#$18'��

�*+5� 241,'%6� +08'56+)#6'&� 6*'� #22.+%#6+10� 1(�
!�4#;� ��� (14� %*#4#%6'4+<+0)� (#..176� ).#55'5�� �*'�
241,'%6� +5� &+8+&'&� +061� 691� /#+0� '((1465�� 	��
':2.14#6+10� 1(� 6*'� %1/215+6+10#.� /#-'72� 1(� (#..176�
).#55'5� 6*417)*� &'05+6;� /#22+0)� #0&� 
�� 6*'�
37#06+(+%#6+10� 1(� (#..176� 21415+6;� #0&� )#5� '81.76+10�
('#674'5��  '� &'8'.12'&� #0� #0#.;6+%#.� #2241#%*� 61�
75'����+/#)'5�61�010�&'5647%6+8'.;�%*#4#%6'4+<'�6*'�
&'05+6;�#0&�5647%674'�1(� +0&+8+&7#.�//��61�%/�5+<'&�
2+'%'5�1(�).#55;�(#..176���*'����5;56'/�75'&�*'4'�+5�
#� %108'06+10#.� /+%41� ��� +05647/'06�� %#2#$.'� 1(�
4'51.76+10� 10� 6*'� 14&'4� 1(� 	�� /+%4105�� 9*+%*�
'0#$.'5�010�&'5647%6+8'�%*#4#%6'4+<#6+10�1(�52#6+#..;�
4'51.8'&� &'05+6;� #0&� %1/215+6+10#.� ('#674'5� 9+6*+0�
(#..176��  '� 4'2146� 174� /'6*1&5� #0&� 24'.+/+0#4;�
1$5'48#6+105�*'4'���

�0�#&&+6+10�61�010�&'5647%6+8'�+/#)+0)�1(�6*'�
(#..176� 5#/2.'5�� 5'8'4#.� 4'('4'0%'� /'6#.5� 9'4'�

#0#.;<'&�$;����+0�6*+5�567&;���*+5�9#5�&10'�61�)#+0�
+05+)*6� +061� 6*'� 2155+$.'� %1/215+6+10� 1(� 1$5'48'&�
#4'#5� 1(� *+)*� &'05+6;� +0� 6*'� ).#55'5�� �/10)� 6*'�
/'6#.5�#0#.;<'&�9'4'�6*4''�5#/2.'5�1(�+0&+7/��10'�
1(� %1$#.6�� #0&� 10'� 1(� #.7/+07/� �/#6'4+#.� &'05+6+'5�
1(� ���	� )�%/��� ����� )�%/��� #0&� 
���� )�%/���
4'52'%6+8'.;����
� !�4#;�%1/276'&�61/1)4#2*;�+5�#�/'6*1&�1(�
6*4''�&+/'05+10#.� ������ +/#)+0)� $#5'&� 7210� 6*'�
#66'07#6+10�1(� 4#&+#6+10�� 6*#6� +5�� 6*'�#$51426+10�#0&�
5%#66'4+0)� 1(� 4#&+#6+10� $;� #�/#6'4+#.� 6*#6� 4'57.65� +0�
6*'�&+/+0+5*'&�64#05/+55+10�1(�6*'�+0%+&'06�4#&+#6+10�
6*417)*� 6*'� /#6'4+#.�� �0� !�4#;� 5174%'� &+4'%65�
4#&+#6+10� 6*417)*� 6*'� 5#/2.'�� #0&� 6*+5� 4#&+#6+10� +5�
#66'07#6'&�$;�6*'�5#/2.'���*'�':6'06�1(�#66'07#6+10�
+5�2412146+10#.�61�6*'�#8'4#)'�'.'%6410�&'05+6;�1(�6*'�
/#6'4+#.�6*#6�+5�$'+0)�+44#&+#6'&��57%*�6*#6�6*'�*+)*'4�
6*'� #8'4#)'� '.'%6410� &'05+6;�� 6*'� )4'#6'4� 6*'�
#66'07#6+10�� �*+5� 2412'46;� 1(� #8'4#)'� '.'%6410�
&'05+6;�417)*.;�%144'5210&5�61�$16*�#61/+%�07/$'4�
�"�� #0&�/#6'4+#.� &'05+6;�� 6*75� 6*'� 4'57.6#06� +/#)'5�
4'(.'%6� #� %1/$+0#6+10� 1(� #� /#6'4+#.>5� %*'/+%#.�
%1/215+6+10�#0&�5647%674'��
� �66'07#6+10�1(�4#&+#6+10�6'0&5�61�+0%4'#5'�#5�
2*1610� '0'4);� &'%4'#5'5� 9+6*� #..� '.5'� $'+0)�
%1056#06���+0%'�6*'�!�4#;�5174%'5�75'&�*'4'�'/+6�#�
$41#&� �4'*/5564#*.70)� 52'%647/� 1(� '0'4)+'5�� 6*'�
.19'4�'0'4);�2*16105�#4'�/14'� 4'#&+.;� #66'07#6'&��
#..19+0)� 6*'� !�4#;5� 1(� *+)*'4� '0'4);� 61� $'�
24'('4'06+#..;� 64#05/+66'&�� �*'� &+(('4'0%'� +0� '0'4);�
52'%64#� (14� 6*'� !�4#;� $'#/5� +0%+&'06� 7210� #0&�
$'+0)� 64#05/+66'&� 6*417)*� 6*'� 1$,'%6� 1(� +06'4'56� +5�
6*'� 4'57.6� 1(� #� 2*;5+%#.� 2*'01/'010� -0190� #5�
$'#/�*#4&'0+0)�� #0&� +6� %#0� +06'4('4'�9+6*�#%%74#6'�
4'%105647%6+10�1(�6*'����&#6#�5'6���*+5�'(('%6�%#0�$'�
/+0+/+<'&� $;� 5'.'%6+0)� #0� !�4#;� '0'4);� 4#0)'�
#224124+#6'� 61� 6*'� /#6'4+#.� 1(� +06'4'56� 14� +0� 51/'�
%#5'5��$;�24'�(+.6'4+0)�1(�6*'�$'#/��������
�
��
�
���
�������
�
�������!��#�����!"�!�"�$� ��
�
� �� 616#.�1(�'+)*6�2+'%'5�1(�$.#%-�%1.14'&�#0&�
//�� 61� %/�5+<'&� ).#55;� (#..176� 9'4'� +51.#6'&� (41/�
51+.�%1..'%6'&�0'#4�6*'�.1%#6+10�1(�#�*+5614+%#.�07%.'#4�
6'56��	���#0&�9'4'�+/#)'&�$;����70&'4�691�&+(('4'06�



 2 
4&54�0'�$0/%*5*0/4���)&�'"--065�*4�%&4$3*#&%�"4�0/&�0'�
580� .031)0-0(*&4�� "&30%:/".*$� 03� *33&(6-"3� �����
�&30%:/".*$� 4".1-&4� "3&� (-"44&4� 5)"5� )"7&�
4.005)� 463'"$&4� "/%� "3&� 4*.1-&� */� 4)"1&� >� 0'5&/�
5&/%*/(� 50� #&� /&"3-:� 41)&30*%"-� #65� "-40�
0$$"4*0/"--:� 0#-0/(� */� 4)"1&� -*,&� "� $"146-&� 03� "�
3"*/%301�� �33&(6-"3� 4".1-&4� "3&� %&'*/&%� "4� #&*/(�
.03&� $0.1-&9� */� .031)0-0(:�� 0'5&/� 13&4&37*/(�
.6-5*1-&� "((-0.&3"5*0/4� 0'� 4."--&3�� "&30%:/".*$�
0#+&$54� 5)"5�$".&� */50�$0/5"$5�8)*-&�.0-5&/��"/%�03�
$0/5"*/*/(�5&9563"-�)&5&30(&/&*5:�0#4&37"#-&�#:�&:&�
03�015*$"-�.*$304$01&�46$)�"4�4."--�30$,:�*/$-64*0/4�
�4&&��*(��
���
� �)&� 4".1-&4� 8&3&� .06/5&%� '03� !�3":�
$0.165&%� 50.0(3"1):� */� 580�8":4���)&� '*345�4&5�0'�
4".1-&4� �/6.#&34� 
�� ��� ��� 8"4� 1-"$&%� */4*%&� "�
10-:$"3#0/"5&� 56#&� 8*5)� '0".� 50� )*/%&3� 4".1-&�
.07&.&/5� 03� 7*#3"5*0/� %63*/(� %"5"� $0--&$5*0/�� �)&�
56#&�8"4�4&"-&%�8*5)�"�10-:$"3#0/"5&�1-6(�"/%�8"4�
"55"$)&%� 50� 5)&� 501� 0'� "� .&5"-� 4".1-&� 1*/�5:1&�
.06/5�64*/(�&109:���*(�������)&�'0".�8"4�'06/%�50�
%&'03.�4-*()5-:�%63*/(� *33"%*"5*0/��$0.130.*4*/(� 5)&�
26"-*5:� 0'� 5)&� 3&46-5"/5� *."(&4� 50� 40.&� %&(3&&��
�)64�"� 4&$0/%� 4&5� 0'� 4".1-&�)0-%&34� 65*-*;&%� 40-*%�
1-"45*$� 41"$&34� */45&"%� 0'� 5)&� '0".� 50� $0/530-�
4".1-&� .07&.&/5� "/%� 104*5*0/� %63*/(� %"5"�
$0--&$5*0/�� �0.&� 0'� 5)&4&� -"55&3� )0-%&34� $0/5"*/&%�
.03&�5)"/�0/&�4".1-&��03�"�4".1-&�"/%�"�3&'&3&/$&�
.&5"-��4&1"3"5&%�#:�41"$&34���)&4&�3&'&3&/$&�.&5"-�
4".1-&4� 8&3&� 13&1"3&%� "4� %*4,4� 8*5)� "11309*."5&�
5)*$,/&44&4�0'�
�..�"/%�3"%**�0'���..��
�
�
�����������
��
�����

�
� �)&�!�3":� $0.165&%� 50.0(3"1):�%"5"� 4&54�
8&3&� 0#5"*/&%� 64*/(� "/� !3"%*"� �*$30!����		�
4:45&.�"5��"83&/$&��*7&3.03&��"5*0/"-��"#03"503:��
�� 
�	�, ��"."."546� ��
�
�	��!�3":� 4063$&�8"4�
64&%� 8*5)� "� 580�45"(&� %&5&$503�� "� �4-� 4$*/5*--"5*0/�
$3:45"-�015*$"--:�$061-&%� 50�"/��/%03� *�0/����9����
���� $".&3"� 7*"� "� 
!� .*$304$01&� 0#+&$5*7&� "/%�
563/�.*3303���)&�%"5"�4&54�8&3&�3&$0/4536$5&%�64*/(�
5)&� �&-%,".1� .&5)0%�� 8)*$)� 64&4� "� $0/70-65*0/�
#"$,130+&$5*0/� '03.6-"� 50� 3&$0/4536$5� "� 5)3&&�
%*.&/4*0/"-� %&/4*5:� ."1� ����� �)&� ���� %&5&$503�
1*9&-�4*;&4� */� 5)&�3&46-5*/(� *."(&4�3"/(&�'30.�
�����
���� A.�� �)&� 4&54� 0'� %"5"� "/"-:;&%� '03� %&/4*5:�
$0.1"3*40/4� "/%� */5&3�$0.1"3*40/4� 8&3&� "--�
$0--&$5&%� 6/%&3� 4*.*-"3� $0/%*5*0/4� 8*5)� "�
�3&).4453")-6/(� !�3":� 41&$536.� 0'� ."9*.6.�
&/&3(:�
�	�, ���)&�%"5"� 4&5� '03� "�(*7&/�4".1-&� *4�
$0.13*4&%� 0'� ."/:� 580�%*.&/4*0/"-�� (3":4$"-&�
*."(&4� 5)"5� '03.� 5)&� 5)3&&�%*.&/4*0/"-� 0#+&$5��
�)&4&�(3":4$"-&� *."(&4�8&3&�64&'6-� */�26"/5*':*/(�
70*%�41"$&��)08&7&3� 5)&� */5&/4*5*&4�"3&�/03."-*;&%�
*/� &"$)� *."(&�� 40� '03� %&/4*5:� $"-$6-"5*0/4� 5)&� 3"8�
%"5"�8"4�64&%�������'*-&�'03."5���
�

������
�
�����
��������
������
�
������
�

�)&� '"--065� 4".1-&4� )"7&� "/� "7&3"(&�
."5&3*"-� %&/4*5:� 0'� ����� (�$.��� $"-$6-"5&%� */� 5)*4�
456%:� #:� 64*/(� 3&$03%&%� ."44&4� "/%� 7"-6&4� 0'�
70-6.&� '06/%� '30.� 5)&� *."(&� 130$&44*/(� 0'� 5)&�
41"5*"--:� 3&40-7&%����%"5"�� �)&4&� 4".1-&4� $0/5"*/�
*/$-64*0/4� "/%� )&5&30(&/&*5*&4�� 8)*$)� %*''&3� */�
%&/4*5:� '30.� 5)&� (-"44�� �)&4&� 3&(*0/4� 0'� '"--065�
(-"44&4� 8*5)� )*()&3� */5&/4*5:� 3&-"5*7&� 50� 5)&� #6-,�
$0.104*5*0/� �*/� 5)&� $0/7&/5*0/� 64&%� )&3&�� )*()&3�
*/5&/4*5:� $033&410/%4� 50� )*()&3� "55&/6"5*0/���
)&3&"'5&3� 3&'&33&%� 50� "4� )0541054�� 8&3&� -0$"5&%�
."/6"--:� #:� */41&$5*0/� 0'� 5)&� (3":4$"-&� *."(&4� 0'�
5)&� 4".1-&4�� �)&� *."(&� 130$&44*/(� '03� %&/4*5:�
"/"-:4*4�3&26*3&%�5)&�64&�0'�5)&�3"8�%"5"��4*/$&�5)&�
(3":4$"-&� *."(&� */5&/4*5:� 0'� &"$)� *."(&� *4�
*/%*7*%6"--:� 4$"-&%� #&58&&/� 
� �� ����� *.1&%*/(� "/:�
$0.1"3*40/� #&58&&/� *."(&4�� �)&� 3"8� */5&/4*5*&4�
8&3&� $0--&$5&%� '03� ."/6"--:� 4&-&$5&%� "3&"4� 0'�
*/5&3&45��
� �/� �*(4�� �"� "/%� �#�� 5)&� */5&/4*5:� %"5"� '30.�
5)&�'"--065�"/%�.&5"-�4".1-&4�"3&�%&4$3*#&%�*/�03%&3�
50� *%&/5*':� 4*.*-"3*5*&4� "4� 8&--� "4� 50� %&5&3.*/&� 5)&�
13&4&/$&� "/%� *.1"$5� 0'� #&".� )"3%&/*/(� 0/� 5)&�
3&46-5"/5� %"5"�� �03� &"$)� 4".1-&�� 5)*4� %"5"�
3&13&4&/54� 5)&� 3"8� */5&/4*5*&4�0'� '*7&�"%+"$&/5� 3084�
0'� 1*9&-4� "7&3"(&%� 50(&5)&3� */� 03%&3� 50� .*/*.*;&�
/0*4&�� �/� �*(�� �"� *5� *4� *.1035"/5� 50� /05&� 5)"5� 5)&�
*/5&/4*5:� ."14� 0'� 5)&� %&/4&3� .&5"-4� "11&"3�
%&13&44&%�508"3%�5)&�$&/5&3�0'�5)&�."5&3*"-4�%6&�50�
"� #&".�)"3%&/*/(� "35*'"$5� �4&&� 4&$5*0/� 
���� ,/08/�
"4� ?$611*/(@� ������� �)&� &''&$54� 0'� #&".� )"3%&/*/(�
"3&� .045� 4*(/*'*$"/5� */� 5)&� *."(&4� 0'� 5)&� */%*6.�
4".1-&��8)&3&� 5)*4�&''&$5� $"64&4�"� 3&-"5*7&-:� 45&&1�
%301� */� 4*(/"-� */5&/4*5:� 508"3%4� 5)&� $&/5&3� 0'� 5)&�
4".1-&���/��*(���#�*5�*4�4)08/�5)"5�5)&�(-"44:�'"--065�
."5&3*"-4�� "--� )"7&� )*()-:� 4*.*-"3� */5&/4*5*&4�
�45"/%"3%�%&7*"5*0/�0'�<���

�� */5&/4*5:����)&3&�%0�
/05�"11&"3�50�#&�"/:�4*(/*'*$"/5�$0.1-*$"5*0/4�'30.�
#&".�)"3%&/*/(�".0/(� 5)&� '"--065� 4".1-&4�� �/� 5)&�
%"5"� '30.� "-6.*/6.� .&5"-�� 5)&3&� *4� 0/-:� "� 4-*()5�
$611*/(�"35*'"$5�*4�&7*%&/5���

�)&� 3&'&3&/$&� .&5"-4� 8&3&� .06/5&%�
"-0/(4*%&� '"--065� 4".1-&4� "/%� 8&3&� $0�*33"%*"5&%�
%63*/(� 5)&� ��� %"5"� "$26*4*5*0/�� �)&� */5&/5*0/� 0'�
*/$-6%*/(� 5)&4&� 3&'&3&/$&�.&5"-4� 8"4� 50� 1307*%&� "�
#"4*4�'03�$"-*#3"5*0/�0'�4".1-&�%&/4*5:���08&7&3��5)&�
"$$63"$:� 0'� 46$)� "� -*/&"3� $"-*#3"5*0/� *4� -08� */� 5)*4�
456%:�� %6&� 50� 5)&� */$3&"4&%� &''&$5� 0'� #&".�
)"3%&/*/(� 8*5)� */$3&"4*/(� ."5&3*"-� %&/4*5:��
�0/&5)&-&44�� #:� .",*/(� 4&7&3"-� "446.15*0/4�� "�
'*345�03%&3�"11309*."5*0/�0'�%&/4*5:�*4�1044*#-&��
�
������
�
�����
�������	������
�
�
�
������
�
� �)&�70-6.&�"/%�'3&26&/$:�0'�70*%�41"$&4�*/�
5)&�'"--065�(-"44&4�8&3&�$)"3"$5&3*;&%�#:�"11-:*/(�"�
#*/"3:� 5)3&4)0-%*/(� "-(03*5).� 50� &"$)� ���� 4-*$&�



 3 
3'1.4&'.43�3'$�
���1$".-2314"3(.-���8/(" ++8�$ "'�
�
�� 23 "*� (2� ".,/.2$#� .%� :��

� ���� 2+("$2�� �'$�
&1 82" +$� (, &$� .%� 3'$� .!)$"3� 6 2� ".-5$13$#� 3.�  �
!(- 18� (, &$� ! 2$#� .-�  � &+.! +� 3'1$2'.+#�
#$3$1,(-$#� !8� �324�2� ,$3'.#�� 6'("'� 1$341-2�  -�
(, &$� 6(3'� 5 +4$2� .%� 
�  22(&-$#� %.1�  ++�  1$ 2�
.432(#$� .%� 3'$� .!)$"3�  2�6$++�  2� %.1� 3'$� 5.(#�  1$ 2�
6(3'(-�3'$�.!)$"3�������-�.1#$1�3.�,(-(,(9$�3'$�(,/ "3�
.%� -.(2$� .1� /' -3.,� .!)$"32� 6(3'� 5 +4$2� .%� ���  ++�
".--$"3$#� /(7$+�  1$ 2� 3' 3� 6$1$� 2, ++$1� 3' -� 3'$�
, -4 ++8�#$3$1,(-$#�2(9$��38/(" ++8��

�����
�/(7$+2�
(-�  1$ �� 6$1$� 1$,.5$#� !8� "1$ 3(-&�  � -$6� (, &$�
6(3'.43� 3'$2$�# 3 ���'(2� 2(9$�6 2�"'.2$-�!$" 42$�
2, ++$1� +(,(32� 3$-#$#� 3.� (-"+4#$� + 1&$�  ,.4-32� .%�
-.(2$� %1.,� 3'$� (, &$�� �'$� !(- 18� (, &$�6 2� 3'$-�
(-5$13$#�� 22(&-(-&���2�3.�5.(#� 1$ 2����2(+'.4$33$�.%�
3'$� %(123� !(- 18� .!)$"3� 6 2� "1$ 3$#� 2$/ 1 3$+8��  -#�
3'$-� ,4+3(/+($#� !8� 3'$� (-5$13$#� !(- 18� (, &$��
1$24+3(-&�(-� -�(, &$�6(3'�5 +4$2�.%��� 22(&-$#�.-+8�
3.�3'$�5.(#2�6(3'(-�3'$�2 ,/+$��3'42�$7"+4#(-&�5.(#2�
.432(#$� .%� 3'$� 2 ,/+$��� �(&�� �� 2'.62�  � 5(24 +�
1$/1$2$-3 3(.-�.%�3'$�(, &$�/1."$22(-&�/1."$#41$��
� �-"$� 3'$� 5.(#�  1$ 2� 6$1$� (2.+ 3$#� (-� 3'$�
(, &$�42(-&�3'(2� 3'1$2'.+#�! 2$#� +&.1(3',��&1.4/2�
.%� ".--$"3$#� ".,/.-$-32� �5.(#� !.#($2�� 6$1$�
+ !$+$#� 6(3'�  � 5 +4$� .%� ���  -#� 3'$(1�  1$ 2� 6$1$�
1$".1#$#���'$� 1$ 2�.%� 3'$�����2 ,/+$� 2(+'.4$33$2�
6$1$� " +"4+ 3$#� 2(,(+ 1+8�� %1 ,$� !8� %1 ,$�� �8�
24!31 "3(-&� 3'$� 3.3 +� 5.(#�  1$ � %1.,� 3'$� 3.3 +�
2(+'.4$33$� 1$ �.%� 3'$�2 ,/+$�� 3'$�-.-�5.(#� 1$ �.%�
3'$� .!)$"3�6 2�#$3$1,(-$#���'(2� /1."$22�6 2� 3'$-�
(3$1 3$#� .5$1�  ++� %1 ,$2� 3' 3� , #$� 4/� 3'$� 
���
1$".-2314"3(.-�.%�3'$�2 ,/+$��
� �-�.1#$1�3.�.!3 (-�(-%.1, 3(.-� !.43�$ "'�.%�
3'$� (-#(5(#4 +� 5.(#� 5.+4,$2�� %413'$1� " +"4+ 3(.-2�
6$1$� 1$04(1$#�� �-"$� 3'$� ���� 5.(#� !.#($2� 6$1$�
(#$-3(%($#� (-� $ "'� %1 ,$�� 3'$(1�  1$ �  -#� "$-31.(#�
+." 3(.-�6$1$� 1$/.13$#���'(2� (-%.1, 3(.-�6 2�42$#��
6(3'� -.�  224,/3(.-2�  !.43� 3'$� ,.1/'.+.&8� .%� 3'$�
5.(#� 2/ "$�� 3.�  22."( 3$� 3'$� &1.4/2� .%� ���� 5.(#�
 1$ 2� 3' 3� ".,/1(2$#� $ "'� 
��� 5.(#� .!)$"3�� �6.�
5.(#� 1$ 2�6$1$�".-2(#$1$#� 3.�!$�/ 13�.%� 3'$�2 ,$�
5.(#�5.+4,$�(%� 3'$8�2 3(2%($#� 36.�"1(3$1( ����� 3'$�36.�
5.(#� 1$ 2� //$ 1$#�(-� #) "$-3�%1 ,$2� -#�����3'$�
"$-31.(#�.%�3'$�2, ++$1�!.#8�6 2�+." 3$#�6(3'(-�.-$�
' +%� .%� 3'$� 1 #(42� .%� 3'$� + 1&$1� !.#8�� �'$� + 33$1�
"1(3$1(.-� /1.5(#$#�  � 2/$"(%("� ,$3'.#� 3.� #(23(-&4(2'�
!$36$$-�(-#(5(#4 +�5.(#2��
�
�
�
�����
�
�
������	
��

	���
�
��������
�����
���
��
�
� �'$�  5$1 &$� (-3$-2(3($2� .%� 3'$� % ++.43�
2 ,/+$2�  1$� '(&'+8� 2(,(+ 1� 3.� 3' 3� .%� 3'$�  +4,(-4,�
,$3 +��3'$�#$-2(3($2�.%� +4,(-4,� -#�% ++.43� 1$�����
&	",
� -#���
��&	",
�1$2/$"3(5$+8����'$1$�(2� ������

#(%%$1$-"$� (-�  5$1 &$� (-3$-2(38� !$36$$-� 3'$� % ++.43�
 -#�  +4,(-4,�� " +"4+ 3$#� %1.,� 3'$�  5$1 &$#� 1 6�
(-3$-2(38� 5 +4$2� %1.,� 3'$� ��� # 3 � .%� 3'$� 2 ,/+$2��
6'("'� (2� ".-2(23$-3� 6(3'� 3'$� &$-$1 +� 2(,(+ 1(3($2� (-�
#$-2(38� .%� 3'$� 36.� , 3$1( +2� ��
���� #(%%$1$-"$� (-�
, 3$1( +�#$-2(38����'$� 5$1 &$� (-3$-2(3($2�.%� (-#(4,�
 -#�".! +3�1$2/$"3(5$+8��6$1$�% "3.12�.%��
�
� -#�����
'(&'$1� 3' -� 3' 3� .%� 3'$� % ++.43�� �'(+$� 3'$�  5$1 &$�
(-3$-2(3($2� 1$%+$"3� 3'$�$7/$"3$#� 31$-#�.%�  33$-4 3(.-�
6(3'� (-"1$ 2(-&�  5$1 &$� $+$"31.-� #$-2(38�� 3'$2$�
1$%$1$-"$� ,$3 +� 2 ,/+$2� $7'(!(3� 24!23 -3( +� !$ ,�
' 1#$-(-&�  13(% "32�  -#� 3'$� 1$+ 3(5$� 23 -# 1#�
#$5( 3(.-�!$36$$-�3'$�%.41� (-#(4,�2 ,/+$2� (2������
�'(2�'(&'�+$5$+�.%�#$5( 3(.-�" -�!$�$7/+ (-$#�!8�3'$�
#(%%$1(-&� 2(9$2�  -#� ,.1/'.+.&($2� .%� 3'$� (-#(4,�
2 ,/+$2�� 6'("'� " -�  %%$"3� 3'$� $73$-3� .%� !$ ,�
' 1#$-(-&�� �$$� � !+$� �� %.1� #$3 (+$#� #$2"1(/3(.-� .%�
3'$�(-3$-2(38�# 3 ���
� �-� (-(3( +� (-3$-3(.-� .%� 3'(2� 234#8� 6 2� 3.�
".,/ 1$� 3'$� (-3$-2(3($2� .%� 3'$� 1$%$1$-"$�,$3 +2� 3.�
 1$ 2� .%� 2(,(+ 1+8� '(&'�  33$-4 3(.-� (-� 3'$� % ++.43�
2 ,/+$2�  -#� 04 -3(%8� 3'$� , 3$1( +� #$-2(38� .%� 3'$�
1$&(.-2�.%�(-3$1$23���3�(2�-$"$22 18�3.� 224,$�3'$���
1 8�!$ ,�(2�/2$4#.�,.-.�$-$1&$3("�24"'�3' 3�3'$1$�
(2� -.� !$ ,� ' 1#$-(-&�� 3'.4&'� (-� 1$ +(38� 3'$� !$ ,�
42$#� ' 2�  � �1$,2231 '+4-&� $-$1&8� 2/$"314,�  -#�
' 1#$-(-&� (2� .!2$15$#�� �+3'.4&'� 3'$�  ""41 "8� .%�
3'(2�2.13�.%�" +"4+ 3(.-�(2�+.6�&(5$-�3'$�$7/$1(,$-3 +�
2$3�4/� (-� 3'(2� 234#8�� �42$%4+� //1.7(, 3(.-�" -�!$�
%.4-#�� �-� � ,/+$� ��� 36.� 1$&(.-2� 6$1$� %.4-#�  -#�
04 -3(%($#��  -�  1$ � .%� '(&'$1� (-3$-2(38�  -#� .-$� .%�
+.6$1� (-3$-2(38� 1$+ 3(5$� 3.� 3'$� 5$1 &$�&+ 22���'$2$�
 1$ 2� .%� (-3$1$23� (-� � ,/+$� �� 6$1$� " +"4+ 3$#� 3.�
' 5$�#$-2(3($2�.%������ -#������&	",
���'$� %.1,$1�
".4+#�1$/1$2$-3� �,(-$1 +�(-"+42(.-�.%�+.6$1�#$-2(38�
3' -�3'$�2(+(" 3$�, 31(7�� -#�3'$�+ 33$1�, 3"'$2�5$18�
6$++�6(3'�3'$�#$-2(38�.%� (1.-�������.7(#$�������&	",
���
6'("'� " -� 1$ 2.- !+8� !$� $7/$"3$#� 3.� $7(23� (-� 3'$�
% ++.43���'$2$�5 +4$2�6$1$�" +"4+ 3$#�!8�" +(!1 3(-&�
 & (-23� 3'$� (-3$-2(3($2�  -#� *-.6-�#$-2(3($2� .%� !4+*�
% ++.43��  +4,(-4,��  -#� ".! +3�� �'$2$� 23 -# 1#2�
2/ -� �6(#$� 1 -&$�.%� #$-2(3($2� ���
��<�����&	",
���
6(3'� � + 1&$�& /�!$36$$-� 3'$� +4,(-4,� -#�".! +3�
23 -# 1#2�� �4341$� 234#($2� 6(3'� ./3(,(9$#� ���
/ 1 ,$3$12�  -#�  � ,.1$� ".,/1$'$-2(5$� 2$3� .%�
23 -# 1#2� ".4+#� (,/1.5$� 3'$�  ""41 "8� 2(&-(%(" -3+8�
.%�3'$2$�" +"4+ 3(.-2�24!23 -3( ++8���
�
����	�
����
���
��
�
� �'$� (, &$�/1."$22(-&�,$3'.#�#$2"1(!$#� (-�
2$"3(.-�����6 2�42$#�3.�" 118�.43� 3'$�5.(#� - +82(2�
.%� 2 ,/+$2� �� <� ��� �5$1 ++� 2 ,/+$� 5.+4,$�  -#�
(-#(5(#4 +�5.(#�5.+4,$�# 3 �6$1$�".++$"3$#�%.1�$ "'�
2 ,/+$� -#� 1$�1$/.13$#�(-��(&2��� ���!� -#�� !+$���
�� ,/+$� �� (2� $7"+4#$#� %1.,� �(&41$2� � �  -#� �!�
!$" 42$� 3'$� 04 +(38� .%� (32� # 3 � 6 2� (-24%%("($-3� %.1�
2$-2(3(5$� - +82(2�����3'1$2'.+#�5.+4,$�.%���

�;,
�
�".11$2/.-#(-&� 3.� � 2/'$1$�.%� 1 #(42�:�
�=,��6 2�



 4 
>0?�,>�,�84948@8�A:4/�>4E0� 49�:=/0=� ?:�84?42,?0�?30�
:..@==09.0� :1� 1,7>0� A:4/>� /@0� ?:� 7484?>� :1� >;,?4,7�
=0>:7@?4:9��#:�A:4/>�>8,770=� ?3,9� ?34>�A:7@80�B0=0�
.:9>4/0=0/�� (34>� ?3=0>3:7/� .:@7/� -0� 7:B0=0/� 1:=�
48,20>�B4?3�70>>�9:4>0��
� *:4/� A:7@80>� ,=0� A0=D� >8,77� .:8;,=0/� ?:�
?30� ?:?,7� A:7@80>� :1� ?30� >,8;70>�� (30� ,A0=,20�
.:8-490/�A:7@80�:1�,77�A:4/>�49�,�>,8;70�4>������:1�
?30�?:?,7�>,8;70�A:7@80��$9�,A0=,20��?30�A:7@80�:1�
,�>49270�A:4/�49�,�>,8;70�8,60>�@;�:97D�
�
�����:1�
?30�?:?,7�>,8;70�A:7@80��(30�?:?,7�9@8-0=�:1�A:4/>�
49� ?30>0� >,8;70>� =,920>� 1=:8� ��� H� ����� ,9/� 9:�
=07,?4:9>34;�4>�:->0=A0/�-0?B009�9@8-0=�:1�A:4/>�49�
,�>,8;70�,9/�?30�,A0=,20�A:7@80�:1�,�>49270�A:4/��
'00�(,-70���1:=�8:=0�/0?,470/�>?,?4>?4.>���
� (30�/4>?=4-@?4:9>�:1� 49/4A4/@,7�A:4/�A:7@80>�
,=0� >4847,=� -0?B009� ?30� >,8;70>� ��42�� �,� ,9/� �-���
(30=0� ,=0� ,� 7,=20� 9@8-0=� :1� >8,77� A:4/>� B4?3�
9027424-70� A:7@80>� �����
C�
�� µ8
� :=� F
�


�����
,9/� ,� >8,77� 9@8-0=� :1� 7,=20=� A:4/>�� ?30� 7,??0=�
.:9?=4-@?492� ?:� ?30�8,5:=4?D�:1� ?30�A:4/� A:7@80� 49�,�
24A09� >,8;70�� (3:@23� >,8;70� �� >3:B>� ?34>� >,80�
?=09/� 49�A:4/�A:7@80�/4>?=4-@?4:9� ��42���-��� ?30� ?:?,7�
A:4/�A:7@80�4>������:1�?30�>,8;70��.:8;,=0/�?:�?30�
,A0=,20�A,7@0�:1�������',8;70>�������,=0�>4847,=�?:�
0,.3� :?30=� 49� A:4/� A:7@80>� ,9/� =07,?4A0� >?,?4>?4.>�
�(,-70� ���� -@?� >,8;70� �� .:9?,49>� ,� 8@.3� 2=0,?0=�
A:4/� A:7@80�� (30� 7,=20>?� A:4/� 49� >,8;70� �� 4>� ?B:�
:=/0=>� :1� 8,294?@/0� 7,=20=� ?3,9� ,9D� >49270� A:4/�
:->0=A0/�49�:?30=�>,8;70>���

(30� ,;;=:,.30>� /08:9>?=,?0/� 30=0� .:@7/�
-0� ,;;740/� ?:� ,� 7,=20=� 9@8-0=� :1� >,8;70>� ?:�8:=0�
,..@=,?07D� =0;=0>09?� ?30� >?,?4>?4.,7� /4>?=4-@?4:9>� :1�
A:4/� A:7@80>� 49� ?30>0� 1,77:@?� 8,?0=4,7>�� (30>0�
>?,?4>?4.,7� /4>?=4-@?4:9>� .:@7/� 49� ?@=9� 307;� 477@849,?0�
?30� .:9/4?4:9>� ,9/� ?480�� ?08;0=,?@=0� 34>?:=D� :1�
1:=8,?4:9� :1� ?30� >,8;70>�� $@?>4/0� :1� 9@.70,=�
1:=09>4.>�� 1407/>� >@.3� ,>� A:7.,9:7:2D� 3,A0� @>0/�
-@--70� >4E0� /4>?=4-@?4:9>� ?:� 491:=8� /02,>>492�
8:/07>� 1:=� 0C;7:>4A0� A:7.,94.� 0=@;?4:9>� ��
��� (30�
8:/07492� :1� 1,77:@?� 1:=8,?4:9� 4>� 60D� ?:� ?30�
/0A07:;809?� :1� ,..@=,?0� 9@.70,=� 1:=09>4.>� 49� ,�
;:>?�/0?:9,?4:9�>.09,=4:��
�
�
�
��������������
��
� $@=�=0>@7?>�/08:9>?=,?0�?3,?��(�4>�.,;,-70�
:1� >;,?4,77D� =0>:7A492� 3423� /09>4?D� �49.7@>4:9>�� ,9/�
7:B�/09>4?D� �49.7@>4:9>� ,9/� A:4/� >;,.0�� 10,?@=0>� 49�
1,77:@?�:9�?30�:=/0=�:1��
�84.=:9>��)>492��(�B0�.,9�
4/09?41D�-:?3�?30�>4E0�,9/�7:.,?4:9�:1�?30>0�10,?@=0>�
49� 1,77:@?�� �0,8� 3,=/09492� /:0>� 9:?� >429414.,9?7D�
48;,.?� =07,?4A0� >429,7� 49?09>4?D� 1:=� 1,77:@?� >,8;70>��
'?,9/,=/�8,?0=4,7>�3,A0�-009�49.7@/0/�49�?30>0��(�
,9,7D>0>� ?:� ,4/� 49� .,74-=,?4:9� :1� ?30� =07,?4A0�
,??09@,?4:9� :1� ;3:?:9>�� -@?� ?30� 0110.?>� :1� -0,8�
3,=/09492� B0=0� ?::� 2=0,?� ?:� ,77:B� 1:=� ,..@=,?0�

.,74-=,?4:9�� +4?3� 1@=?30=� >?@/D� ,9/� .,74-=,?0/�
>?,9/,=/>�4?�8,D�-0�;:>>4-70�?:�,;;7D�?34>�80?3:/�?:�
<@,9?4?,?4A07D� .:9>?=,49� ?30� ,A0=,20� ,9/� >;,?4,77D�
=0>:7A0/� 8,?0=4,7� /09>4?40>� :1� 1,77:@?�� 49.7@/492�
.:8;:>4?4:9,7� 49.7@>4:9>�� %=0>09?� <@,9?414.,?4:9� :1�
?30� .:8;:>4?4:9� :1� 3423� ,9/� 7:B�/09>4?D� 10,?@=0>��
3:B0A0=�� =0<@4=0>� ,//4?4:9,7� ;:>?��(� 48,20�
,9,7D?4.,7� ?0.394<@0>�� �7?0=9,?4A07D�� .,=01@7� ;=0�
147?0=492�:1�?30�-0,8�-D�,�?349�>300?�:1�8,?0=4,7�>@.3�
,>� �7� :=� �@� .:@7/� =0/@.0� ?30� 0110.?>� :1� -0,8�
3,=/09492��������

�(�,9/�48,20�;:>?�;=:.0>>492�.,9�<@,9?41D�
A:4/� A:7@80>� ,9/� ?304=� >?,?4>?4.,7� /4>?=4-@?4:9>� 49�
27,>>D� 1,77:@?�� +3470� :@?>4/0� ?30� >.:;0� :1� ?34>�
0C;7:=,?:=D� >?@/D�� >@.3� 491:=8,?4:9�.,9�-0�@>0/� ?:�
307;� .:9>?=,49� ?30� ?480�?08;0=,?@=0� 34>?:=D� :1� ,�
>,8;70�B309�;,4=0/�B4?3�.:8;:>4?4:9,7� 491:=8,?4:9�
,9/�,�8:/07�1:=�>474.,?0�807?�A4>.:>4?40>���

(34>� >?@/D� >0=A0>� ,>� ,� ;=::1�:1�;=49.4;70�
011:=?� 1:=� ?30� @>0� :1� �(� 1:=� 9:9�/0>?=@.?4A0� 1,77:@?�
.3,=,.?0=4E,?4:9��+0�3,A0�,7>:�>3:B9� ?3,?��(�.,9�
>0=A0�,>�,9�0110.?4A0�?::7�?:�2@4/0�/0>?=@.?4A0�,9/	:=�
>;,?4,77D�=0>:7A0/�1,77:@?�,9,7D>0>��$9.0�?30�>,8;70�
/09>4?D�3,>�-009�8,;;0/�?3=:@23��(��1:=�0C,8;70��
?30� >,8;70� 4>� 1@77D� =0.:A0=,-70�� ,9/� =024:9>� :1�
49?0=0>?�.:@7/�-0�0114.409?7D�?,=20?0/�,9/�4>:7,?0/�1:=�
,//4?4:9,7� ,9,7D>4>�� +4?3� 48;=:A0/� .,74-=,?4:9� ,9/�
,@?:8,?4:9� :1� 48,20� ;=:.0>>492�� �(� .,9� ;=:A4/0�
=,;4/�,>>0>>809?�:1� ?30� 49?0=9,7�>?=@.?@=0�:1� 1,77:@?�
8,?0=4,7>�� �9� :=/0=� ?:� ,..@=,?07D� .3,=,.?0=4E0�
;:;@7,?4:9>� :1� 1,77:@?�� ,� >?=0,87490/� ,9/� 1@77D�
,@?:8,?0/� 80?3:/� 1:=� /,?,� .:770.?4:9� ,9/� /,?,�
;=:.0>>492�4>�=0<@4=0/��
�
�
�
��
����	��	�	����
�
(34>� =0>0,=.3� B,>� ;0=1:=80/� @9/0=� ?30� #@.70,=�
�:=09>4.>� )9/0=2=,/@,?0� '.3:7,=>34;� %=:2=,8��
B34.3� 4>� >;:9>:=0/� -D� ?30� )�'�� �0;,=?809?� :1�
�:807,9/� '0.@=4?D� �:80>?4.� #@.70,=� �0?0.?4:9��
$114.0��+0� ?3,96� ?30�)�'�� �0;,=?809?� :1� �90=2D�>�
#,?4:9,7� #@.70,=� '0.@=4?D� �/8494>?=,?4:9�� $114.0� :1�
�0109>0� #@.70,=� #:9;=:7410=,?4:9� &0>0,=.3� ,9/�
�0A07:;809?�� 1:=� 149,9.4,7� >@;;:=?�� (34>� B:=6�
;0=1:=80/� @9/0=� ?30� ,@>;4.0>� :1� ?30� )�'��
�0;,=?809?� :1� �90=2D� -D� ",B=09.0� "4A0=8:=0�
#,?4:9,7� ",-:=,?:=D� @9/0=� �:9?=,.?� ��������

�#���
����""#"�(&�����
���
�
�
�
�	
	�	��	��
�
����;;4.3��&��!9423?�!��� ,.:8-��::/�(+��
';=422>������@?.30:9������:9>?=,49?>�:9�1,77:@?�
807?�27,>>�1:=8,?4:9�1=:8�,�90,=�>@=1,.0�9@.70,=�
?0>?�� �&,/4:,9,7�#@.7��308��
���

����
��
����



 5 
�
	��"*9.31�""��$.537>�%���%799.:������*26.:�����
�778.9�����#7:.6+.90�"����2;;7�����#*-27*,;2=2;@�
26�%9262;2;.�:2?�-.,*-.:�4*;.9�����6=2976�#*-27*,;2=�
	��
���������
�	���
�

���.44<,,2�����$2576.;;2����'*44*,.�����7.5*6�����
�<96:�"����:7;782,�/260.98926;260�7/�;1.�>794-C:�/29:;�
6<,4.*9�-.=2,.�<:260�87:;�-.;76*;276�5*;.92*4:���6*4�
�1.5�	��
���������������
�
����*::*;*�'$��"9<::26�$����6201;������<;,1.76�
�����::.41*9-;�����#.66.�"#��'1.6�;1.�-<:;�
:.;;4.:��:;*+4.�?.676�2:7;78.�9*;27�,76:;9*26;:�76�;1.�
/795*;276�7/�6<,4.*9�/*447<;�����6=2976�#*-27*,;2=�
	�����
���������
�
����.>2:�����6201;�����*;A.4����"9<::26�$��)255.9�
����265*6�'��#@.9:76�����<;,1.76����$8*;2*44@�
9.:74=.-�*6*4@:.:�7/�*.97-@6*52,�/*447<;�/975�*�
<9*62<5�/<.4.-�6<,4.*9�;.:;�����6=2976�#*-27*,;2=�
	����������
�����
�


���.0*6,3������7A47//�����%1796;76������97:32�
$����74-:;.26�$����.*5�1*9-.6260�*9;2/*,;:�26�
52,97�,758<;.-�;75709*81@�:,*66260�,*6�+.�
9.-<,.-�+@�(�9*@�+.*5�/24;9*;276�*6-�;1.�9.:<4;260�
25*0.:�,*6�+.�<:.-�;7�*,,<9*;.4@�5.*:<9.������
�76.�	�������
��������
��
�
����9773:�#����1297������.*5�1*9-.6260�26�(�9*@�
9.,76:;9<,;2=.�;75709*81@��"1@:��.-��274�
���
�	��
��
������
�
����.4-3*58������*=2:������9.::��'��"9*,;2,*4�
,76.�+.*5�*40792;15����!8;�$7,��5���������
��
��
�	�����
�
���!;:<� ����;19.:174-�:.4.,;276�5.;17-�/975�09*@�
4.=.4�12:;709*5:�������%9*6:�$@:;��*6��@+.96�
����������
	�
��
�
�����47>.9������.*;260��"���*-.9�����"124428:�����
%1.�.=74<;276�7/�+<++4.�:2A.�-2:;92+<;276:�26�=74,*62,�
.9<8;276:����&74,*674��.7;1�#.:�	��
��	����	
��

�
















